Background/Aims: While systolic blood pressure variability (SBPV) is an independent risk factor for mortality in the general population, its association with outcomes in hemodialysis patients has been less well-investigated. Methods: In this retrospective study, we enrolled 99 eligible HD patients from 2006 to 2016. Predialysis blood pressure measurements obtained over 1-year period were used to determine each patient's BPV. The standard deviation (SD), the coefficient of variation (CV) and the variation independent of the mean (VIM) were used as metrics of BPV. Results: During a median follow-up period of 68 months, 52 patients died, and cardiovascular disease (31.3%) was the primary cause of death in these patients. After adjusting for covariates, the hazard ratios (HRs) for all-cause and cardiovascular mortality were 1.80 (95% confidence interval (CI) 1.11-2.92) and 1.71 (95% CI 1.01-2.90), respectively, for a one percent increase in CV. Variability in the volume removed per session and predialysis serum albumin and calcium levels were identified as factors associated with BPV. Conclusion: In this study, we demonstrate that greater variability in predialysis SBP is associated with long-term mortality in hemodialysis patients. Controlling volume variation, avoiding hypoalbuminemia and reducing blood calcium levels might reduce SBP variability and thereby improve prognoses in these patients.
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Introduction
Blood pressure variability (BPV) reflects fluctuation in blood pressure and can be divided into the two following types: short-term BPV and long-term BPV. The former includes beat-to-beat, minute-to-minute, hour-to-hour, and day-to-night changes. The latter includes variations in BP that occur over more prolonged periods of time, such as days, weeks, months, seasons, and even years [1] . A growing number of studies performed in the general population have shown that BPV is a risk factor for target organ damage and mortality, independent of absolute BP level [2] [3] [4] [5] .
In hemodialysis (HD) patients, while the effects of short-term BPV on prognosis have been extensively studied [6] [7] [8] [9] [10] , the effects of long-term BPV are less well-investigated [11] [12] [13] . A few previous studies found that predialysis BPV was associated with mortality in HD patients. However, most of these studies [11, 12] used blood pressure measurements obtained over 3 months to calculate BPV which didn't consider seasonal changes in BP, and generally lacked long-term follow-up [11, 13] . We therefore sought to investigate the association between predialysis BPV measurements obtained during a full year and allcause and cardiovascular mortality over a 10-year follow-up period in a cohort study of HD patients.
Materials and Methods

Patients
We performed a longitudinal cohort study at the hemodialysis center of Peking Union Medical College Hospital (PUMCH). ESRD patients were included if they were over 18 years old and had received regular hemodialysis for more than 90 days prior to January 1, 2006. Patients with any one of the following criteria were excluded: (1) died or received a kidney transplant or switched to peritoneal dialysis or transferred to a different renal unit during 2006; and (2) incomplete dialysis records (no data for >3 months).
Blood pressure measurement and blood pressure variability
Blood pressure was measured using automated oscillometric devices (Philips C3 patient monitor, Philips) as recommended by the NKF K/DOQI guidelines while the patient was in a seated position. Measurements were obtained immediately before, after, and during each dialysis session from January 1, 2006 to December 31, 2006 . Raw BPs were transformed into the following 3 candidate BPV metrics, which are widely used in BPV studies [3, 4, 12, 14] : the standard deviation (SD), the coefficient of variation (CV), and the variation independent of the mean (VIM). VIM is a transformation of the standard deviation that is uncorrelated with mean BP and is calculated as follows: VIM=k x SD/x̅ m where m is calculated as follows by fitting a power model: SD=constant × x̅ m and k=mean(mean(SBP)) m . In this study, m=1.145, k=314.691.
Baseline covariates and follow-up
Data for other baseline covariates were collected from clinical records. Demographic factors included age and sex. Comorbid diseases included hypertension, diabetes and existing cardiovascular disease. Dialysis-related variables included dialysis vintage, vascular access type, volume removed per dialysis session, equilibrated Kt/V and normalized protein catabolic rate (nPCR). Biochemical covariates included the levels of hemoglobin, serum albumin, creatinine, phosphate, calcium, potassium, sodium, low density lipoprotein (LDL), triglyceride (TG), total cholesterol (TC) and intact PTH (iPTH). All laboratory values were measured using automated and standardized methods at a centralized laboratory. Most laboratory values were measured monthly and included serum creatinine, phosphate, calcium, potassium, and sodium levels. Serum albumin, LDL, TG, TC and iPTH levels were measured at least quarterly. Hemoglobin levels were measured at least monthly in essentially all patients and biweekly in some patients. Most blood samples were collected predialysis with the exception of urea, which was collected postdialysis to calculate urea kinetics. The averaged or median values during the exposure period served as the baseline data.
Follow-up and Outcome
The follow-up period was from January 1, 2007 to December 31, 2016. The primary end-point was allcause mortality, and the secondary end-point was cardiovascular mortality. The date of death and attributed cause of death were obtained from clinical records for those who died in hospital. For patients who died out of hospital, we interviewed family members by telephone to determine a detailed cause. Cardiovascular deaths were defined as those that could be attributed to ischemic heart disease, heart failure/pulmonary edema, arrhythmia, sudden death, cerebral infarction and cerebral hemorrhage. Follow-up was censored in patients who received a kidney transplant, switched to peritoneal dialysis or transferred to a different renal unit.
The study protocol was approved by the Institutional Review Board of PUMCH, and all methods were performed in accordance with the relevant guidelines and regulations. Informed consent was not required in this retrospective study, and our IRB committee approved this. All individual information was securely protected and was made available to only the investigators.
Statistical Analysis
The Kolmogorov-Smirnov test was used to determine whether variables were normally distributed. A p-value of > 0.05 was required to assume a normal distribution. Continuous variables were described in terms of their mean ±SD or median (interquartile range). Categorical variables were described in terms of their frequency. Patients were divided into two groups with BP variability dichotomized at the median. Variables were compared between the two groups using Pearson's chi-squared tests for categorical variables, independent sample t-tests for normally distributed continuous variables and Mann-Whitney rank sum tests for abnormally distributed continuous variables. Kaplan-Meier curves and log-rank tests were used to compare survival between the two BPV groups. Cox proportional hazard analysis was used to evaluate the associations between BPV and study outcomes, including all-cause and cardiovascular mortality, initially without adjustment. A multivariate Cox regression analysis was then performed with adjustment for the following variables, which were plausibly associated with both exposure and outcome: age, dialysis vintage, diabetes, existing cardiovascular disease, mean predialysis SBP, mean predialysis weight, anti-hypertensives, predialysis blood level of calcium, phosphorus, albumin, hemoglobin, and LDL. The associations between BPV and other covariates were tested using a Pearson's rank correlation test for normally distributed continuous variables or a Spearman's correlation test for abnormally distributed continuous variables and categorical variables. A multiple linear regression analysis was then performed for the three BPV metrics, and variables with p < 0.1 were included based on stepwise elimination of data. A two-sided p-value less than 0.05 was considered to indicate statistical significance. We performed all analyses using SPSS version 22.0 (IBM SPSS statistics, Armonk, New York, USA).
Results
Patient demographic
A flow diagram of the enrollment process is shown in Fig 1. After we screened for all adult patients (n=155) who received regular hemodialysis for at least 3 months in 2006, a total of 99 patients were included in this study. Table 1 presents the overall baseline characteristics of the study patients. The patients with BPV were dichotomized at the median. The mean age of the study patients was 61.1±12.4 years old, and 65.7% of the patients were female. Glomerulonephropathy was the primary cause of end-stage renal disease (ESRD) (30.3%) and was followed by hypertension (21.2%) and diabetes (18.2%). At baseline, 88.9% of patients had hypertension. The median baseline dialysis vintage was 49 months. The average baseline predialysis systolic blood pressure (SBP) was 152±17 mmHg.
Blood pressure variability and correlation factors
The mean standard deviation (SD), the coefficient of variation (CV) and the variation independent of the mean (VIM) of predialysis SBP were 16.4±4.2 mmHg, 10.7±2.3% and 16.3±3.5, respectively. Each pair of parameters among these three metrics was closely correlated with each other (SD and CV, r=0.887, p<0.001; CV and VIM, r=0.996, p<0.001; and SD and VIM, r=0.846, p<0.001). Diabetes was more common in patients with CV of SBP (SBPCV)above the median than in those with a lower CV of SBP, but there was no other difference between the two groups (Table 1) . We evaluated the associations between patient parameters and BPV metrics as continuous dependent variables. The mean of SBP, the SD of the volume removed per session, hypertension, diabetes and serum albumin levels were associated with the SD of SBP (SBPSD). The SD of the volume removed per session, serum albumin levels and diabetes were associated with the CV of SBP. The SD of the volume removed per session, serum albumin levels, diabetes and hypertension were associated with VIM. A multiple linear regression analysis revealed that the mean of SBP, the SD of the volume removed per session, serum albumin levels and hypertension remained associated with SBPSD, whereas the SD of the volume removed per session, serum albumin levels and calcium levels were associated with SBPCV and VIM (Table 2) . Predialysis SBP showed the same trend in variation that was observed for the volume removed per session. Both of these were highest in winter and lowest in summer during the 1-year study period (Fig. 2) . When the SBPCV for the first 3 months of 2006 was compared to the SBPCV for the full 1-year study period, the former was significantly lower than the latter (9.6±2.7% VS. 10.7±2.3%, p<0.001). The results were similar when we compared the SBPCV of the other three quarters to the SBPCV for the full 1-year study period (9.6±2.6% VS. 10.7±2.3%, p<0.001, 9.6±2.7% VS. 10.7±2.3%, p<0.001, and 9.6±2.7% VS. 10.7±2.3%, p<0.001, respectively). 
Association with Death
Over a median follow-up period of 68 months, 52 patients (52.5%) died, 2 patients (2.0%) received a kidney transplant, and 12 patients (12.0%) were transferred to a different dialysis center. Cardiovascular disease (31.3%) was the primary cause of death. The mortality rate was 92.7 deaths/1000 patient-years, and the median survival time was 89.7 months.
In an unadjusted analysis, a higher predialysis BPV was significantly associated with higher rates of all-cause mortality. A higher predialysis SBPSD and SBPCV were significantly associated with cardiovascular mortality. After adjusting for age, dialysis vintage, diabetes, existing cardiovascular disease, mean predialysis SBP, mean predialysis weight, antihypertensives, predialysis blood level of calcium, phosphorus, albumin, hemoglobin, and LDL, we found that all three of the BPV metrics remained significantly associated with higher rates of all-cause and SBPCV and VIM were independent risk factors for cardiovascular mortality (Table 3) .
Discussion
This study showed that predialysis blood pressure variability (BPV) was an independent risk factor for all-cause and cardiovascular mortality in hemodialysis patients. Variability in the volume removed per session and predialysis serum albumin and calcium levels were associated with predialysis BPV.
Increased long-term BPV was found to be associated with stroke [4] , cardiovascular events [2], arterial stiffnes s [5] and decreased GFR [3] and is therefore considered an independent risk factor for all-cause and cardiovascular mortality in non-hemodialysis patients. These remain, however, less well-investigated in hemodialysis patients. SD, CV and VIM were recognized as the most common BPV metrics [3, 4, 12, 14] ，but no evidence supporting which one is better. The ROC curves showed no difference among the three metrics in predicting the mortality (data not shown). Because SD is often strongly correlated with mean BP, it displayed minimal discriminatory capacity for BP fluctuations and ambient BP level [15] . VIM required a complex calculation, which limited its clinical application to some extent. So CV might be the most practical metric marker of BPV in dialysis patients [14] . In this study, predialysis SBPCV was 10.7%, which is close to findings reported in Japanese (10.1%) [13] and French (10.43%) hemodialysis patients [14] but higher than the reported visit-to-visit BPV in the general population (6.8%) [16] .
We found that predialysis BPV over a 1-year period was an independent predictor of long-term mortality in hemodialysis patients. The relationship between predialysis BPV and outcomes in hemodialysis patients has been investigated in several previous studies Table 3 . Prognostic significance of pre-dialysis SBP variability for all-cause mortality and cardiovascular mortality. Abbreviations: HR, hazard ratio; CI, confidence interval; SD, standard deviation; CV, coefficient of variation; and VIM, variation independent of the mean. # Adjusted for age, dialysis vintage, diabetes, existing cardiovascular disease, mean predialysis SBP, mean predialysis weight, anti-hypertensives, predialysis blood level of calcium, phosphorus, albumin, hemoglobin, and LDL in which BPV was reported to be associated with all-cause and cardiovascular mortality [12, 14, 17] . However, these studies used blood pressure measurements obtained during a period consisting of a consecutive 3 months or less to determine BPV. Because we know that blood pressure fluctuates with season changes [18, 19] and our study also shows that BPV measurements produce different results when obtained over 3 months than when obtained over 12 months, we used a consecutive 12 months of predialysis blood pressure measurements to determine BPV. Tozawa et al. [13] also investigated predialysis SBPCV over a 1-year period to predict prognoses in hemodialysis patients, but they did not find an association between BPV and cardiovascular mortality because their follow-up period was short (38 months). We followed our patients for 10 years, which is so far as we know the longest reported follow-up period. Our data indicate that variability in predialysis SBP is associated with all-cause and cardiovascular mortality in HD patients when the follow-up period is long.
In our study, we found that variability in the volume removed per session was positively correlated with predialysis SBP variability. This result indicates that it is important to control blood volume in hemodialysis patients. Few studies have explored the relationship between changes in volume and BPV, especially long-term BPV, in hemodialysis patients, and these studies have resulted in inconsistent conclusions [20] [21] [22] . For example, Shafi et al. [22] investigated long-term BPV and volume changes in HD patients and reported that a greater amount of fluid removal was associated with lower variability in predialysis SBP. They proposed that this result was attributable to the finding that higher fluid removal benefits BP control by maintaining dry weight. However, greater fluid removal is not equivalent to the attainment of dry weight. Despite finding that the percentage of patients who attained dry weight was different among the three BPV groups, there was no difference in the relative amount of fluid removal per session in their study. Because fluid overload is an important factor that contributes to uncontrolled hypertension in dialysis patients and because the BP of most dialysis patients is volume-dependent, other studies have produced conflicting results. Flythe et al. [20] found that higher variability in intradialytic SPB was associated with greater dialytic fluid removal and rate. Kursat et al. [21] noted that daytime SBP variability was positively correlated with changes in body weight or the amount of ultrafiltration. In our study, we did not find that there was a relationship between BPV and the absolute volume removed per session, but we did find that variability in the volume removed per session was positively correlated with predialysis variability in SBP. Because volume removed per session was correlated with interdialytic weight gain (IDWG), controlling IDWG maybe a good method for achieving a smaller BPV. Most of the HD patients are dialyzed three times each week with one-day or two-day interval. In order to minimize the variation of volume removed per session patients should be asked to restrict volume ingested especially during the two-day interval.
In addition to volume removal, we found that predialysis SBP variability was also associated with additional modifiable factors. We first found that serum albumin levels were negatively correlated with predialysis SBP variability. Among HD patients, BPV is believed to result partially as a result of arterial stiffness and atherosclerosis [23] , which are closely associated with low serum albumin levels and inflammation. Some authors have used the terminology MIA (malnutrition, inflammation and atherosclerosis) syndrome to emphasize the importance of atherosclerosis that is a consequence of the malnutrition-inflammation complex [24, 25] . Serum albumin levels are the most commonly used nutritional marker in hemodialysis patients. These levels also reflect the initiation of inflammatory processes [24, 26] . Inflammatory cytokines play important roles in MIA syndrome and are important contributors to atherosclerosis [25, 27] . Pulse wave velocity (PWV), a surrogate marker of arterial stiffness, has been shown to be negatively correlated with serum albumin levels [28] . The underlying cause of hypoalbuminemia in each HD patient needs to be determined. Nutritional intervention and treating the underlying inflammation might reduce BPV variability.
In our study, increased serum calcium levels were another important predictor of higher BPV. One possible explanation for this finding may be that calcium deposits in vascular structures cause vascular calcification, which was reported to share a significantly positive association with arterial stiffness in both a healthy population [29] and ESRD patients [30] . This finding deserves special consideration given the high incidence of chronic kidney disease-mineral and bone disorder (CKD-MBD) and the widespread use of calcium-based binders in hemodialysis patients. A growing number of studied have demonstrated that higher calcium levels are associated with higher mortality [31, 32] . It is possible that the impact of calcium levels on BPV is a mechanism underlying this relationship. This study indicated that lower serum calcium levels might improve the survival of dialysis patients by reducing the SBP variability. So lower concentration of calcium in dialysate and less calciumbased phosphate binders would be recommended to these patients when necessary.
There are several limitations to this study. First, the relatively small sample size is a major limitation. However, for each patient, we included predialysis SBP measurements that were obtained over a full year, and as a result, we analyzed 14703 dialysis sessions in total. Secondly, this is a retrospective and observational study. We could not prove a causal relationship between BPV and mortality. Thirdly, the individuals who participates in this study were prevalent dialysis patients, not incident dialysis patients. The history of hemodialysis prior the start of this study may therefore have impacted the survival of the patients. To reduce the impact of this factor, we included dialysis vintage as one of the adjustments in our analysis of the effect of BPV on mortality. Finally, patients who died during the one-year period for BP measurements collection were excluded from this study which may cause survival selection bias.
Conclusion
In this study, we demonstrate that greater predialysis SBP variability over the course of a full year is associated with long-term mortality in prevalent hemodialysis patients. Controlling volume variation, avoiding hypoalbuminemia and reducing blood calcium levels may reduce predialysis SBP variability. Further prospective studies are needed to confirm and generalize these findings and to determine whether BPV can be used as an important therapeutic target in hemodialysis patients.
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